The region of the TGEV genome between the El-matrix protein gene and the E2-peplomer protein gene has been sequenced from a cDNA clone. The consensus recognition sequence, 5'g CTAAAC was found upstream from 3 large open reading frames. In coronaviruses these homologous recognition sequences are involved in the iuitiation of transcription suggesting that there are 3 mRNA species in this region of the TGEV genome. Northern blot analysis and nuclease Sl mapping confirmed the presence of 3 mRNA species between mRNA 3 encoding the EZ-peplomer protein and mRNA 6 encoding the El-matrix protein. The 5' regions of these 3 mRNAs encode potential polypeptides of predicted molecular weight; 7859, 27744 and 9287, respectively. The potential translation product of ORF B (27744 Da) is considerably larger than previously reported and could be difficult to distinguish by size from the El-matrix protein.
Coronavirus; TGEV; RNA sequencing Transmissible gastroenteritis virus (TGEV) is an economically important coronavirus of swine that produces an often fatal diarrhea especially in nursing pigs less than 2 weeks of age (Saif and Bohl, 1986) . Like other members of the family Coronaviridae, TGE virions consist of 3 major structural proteins; the El-matrix and EZpeplomer surface glycoproteins and a phosphorylated nucleocapsid protein (N) that associates with the 23.6 kilobase (kb), non-segmented, positive-stranded RNA genome (Garwes and Pocock, 1975; Brian et al., 1984; Hu et al., 1984; Jacobs et al., 1986; Wesley and Woods, 1986) . The nucleotide and deduced amino acid sequences of these structural proteins have been determined for the avirulent Purdue 115 strain of TGEV (Kapke and Brian, 1986; Laude et al., 1987; .
In the replication of TGEV, as with other Corona~~dae, transc~ption proceeds via a discontinuous, nested-set mechanism in which several distinct mRNA species of subgenomic size are synthesized (Hu et al., 1984; Jacobs et al., 1986; . These mRNAs share the co-terminal 3' polyadenylated end of the TGEV genome and extend for different lengths in the 5' direction. This transcription mechanism has been well documented in 2 other coronaviruses, murine hepatitis virus (MHV) and infectious bronchitis virus (IBV) (Lai et al., 1983; Spaan et al., 1983; Brown et al., 1984) . In addition, the 5' end of each subgenomic mRNA contains a short RNA leader sequence, derived from the 5' end of the genome, that primes transcription. This leader sequence is 72 bases long in the case of MHV and approximately 60 bases in length for IBV. The leader and the body sequences of each subgenomic mRNA are joined by a discontinuous transc~ption mechanism. The freely dissociated leader sequence binds to an intergenic recognition sequence and serves as a primer for the transcription of subgenomic mRNAs (Lai, 1986) . Thus each subgenomic mRNA contains a homologous recognition sequence approximately 60-70 bases downstream from the actual 5' end. The core recognition sequence for MHV is S'AATCZAAAC and for IBV it is 5'CTEAACAA.
Furthermore, nucleotide sequences that flank the core homologous sequence are also important in leader RNA-primed transcription (Boursnell et al., 1987) .
In general, the translated region of each coronavirus subgenomic mRNA is the 5'-most open reading frame (ORF) that is not present in the smaller subgenomic mRNAs. This is the case for mRNAs that encode the coronavirus structural genes. For TGEV, mRNAs 3, 6 and 7 have been shown by in vitro translation studies to code for the E2-peplomer, El-matrix and nucleocapsid proteins, respectively (Jacobs et al., 1986) . In some instances for subgenomic mRNAs that do not appear to code for any of the major virion structural proteins, internal initiation of translation is thought to occur. These include mRNA D for IBV and mRNA 5 for MHV for which a 12.4 kDa IBV polypeptide and a 10.2 kDa MHV polypeptide have been shown to be translated in infected cells (Skinner et al., 1985; Smith et al., 1987) . In the case of TGEV, 2 mRNA species have been identified by Northern hybridization to be present between the E2-peplomer and El-matrix structural genes (Hu et al., 1984; Jacobs et al., 1986; . The larger of these 2 mRNAs, designated mRNA 4 by Jacobs et al. (1986) and designated mRNA 3 by , coded for 2 non-overlapping ORFs that were separated by a non-coding intervening region of 334 bases containing only a single ter~nation codon 267 bases upstream from the start of the second ORF. The next smaller TGEV mRNA transcript contained only one unique 5' coding sequence for a single hydrophobic polypeptide.
In this paper we present evidence for 3 mRNA species between the El and E2 structural genes of a virulent strain of TGEV (Miller strain). Nucleotide sequence analysis revealed 3 large ORFs each preceded by an appropriate octanucleotide recognition sequence which could direct transcription initiation.
Materials and Methods

Cells and virus
Swine testicular (ST) cells (McClurkin and Norman, 1966) were grown in modified Eagle's MEM (Gibco) supplemented with fetal bovine serum (lo%), sodium bicarbonate (0.22%), lactalbumin hydrolysate (0.25'%), sodium pyruvate (O.Ol%), and gentamicin sulfate (50 pg/rnl).
The virulent Miller strain of TGEV was kindly provided by Dr. L. Saif, Ohio Agricultural Research and Development Center, Wooster, Ohio, U.S.A. A working stock of this strain as homogenized intestinal contents of 3-day-old piglets was prepared as described previously (Wesley et al., 1988) . Infectious intestinal content was plated directly onto ST cells for the synthesis of unadapted-gut virus intracellular RNAs. For the isolation of genomic RNA, the virus was first plaque-picked 3 times on ST cells before virus purification and subsequent RNA isolation. The plaque-picked virus remained lethal for neonatal piglets.
Purification of genomic RNA
Plaque-purified virus was isolated from clarified supernatant fluids as previously described (Wesley and Woods, 1986) . Genomic RNA was extracted by dissolving the purified virus pellet in 0.4 ml TNE (0.02 M Tris-HCl, pH 9.0, 0.1 M NaCl, 0.001 M EDTA). The resuspended pellet was then disrupted in 1% SDS, 625 pg/ml proteinase K and incubated at 37OC for 5 min. The genomic RNA was extracted once with an equal volume of TNE saturated phenol, once with chloroform-isoamyl alcohol (24 : l), and concentrated by ethanol precipitation at -20 o C. cDNA synthesis and cloning cDNA was prepared from TGEV genomic RNA and cloned into the Xgtll expression vector (Huynh et al., 1985) . First and second strand synthesis were carried out using calf thymus DNA oligodesoxynucleotides as primers and a cDNA synthesis kit (Amersham Corp, Arlington Heights, IL). EcoRl linkers were added to blunt-ended, double-stranded cDNA. The cDNA was then ligated to EcoRl cut hgtll and packaged in vitro (Stratagene, La Jolla, CA). Lambda phage containing viral inserts were identified by hybridization to 32P-labeled cDNA prepared from genomic RNA.
DNA sequencing and sequence analysis
To facilitate cDNA sequencing, viral inserts that hybridized to specific mRNAs were subcloned into the EcoRl site of the multipu~ose pBluescript phagemid vector (Stratagene, La Jolla, CA). Stepwise unidirectional deletions were constructed at both ends of the viral insert using the exonuclease III/S1 nuclease method as described by Henikoff (1984) . These sequentially deleted plasmids were particularly useful for double-stranded DNA sequencing by the dideoxy chain-termination method (Sanger et al., 1977) because the primer binding site becomes juxtaposed to overlapping regions of new DNA sequences. Programs for computer analysis of the DNA sequence were purchased from DNASTAR (Madison, WI).
Northern blot hybridization
Intracellular polyadenylated RNA from TGEV-infected cells was denatured with glyoxal and dimethylsulfoxide (60 min at 50° C) as described by Maniatis et al. (1982) . The RNA samples, electrophoresed in 1% agarose gels, were blotted onto GeneScreen nylon membranes (New England Nuclear Corp., Boston, MA). UV crosslinking was used to covalently bind the RNA to the membrane filters (Church and Gilbert, 1984) . Prehyb~~tion was carried out for 3 h at 65°C in 6 X SSC (SSC is 0.15 M NaCl, 0.015 M Na citrate, pH 7-O), 5 X Denhardt's solution (0.1% Ficoll, 0.1% polyvinyl pyrrolidone, 0.1% bovine serum albumin), 0.5% SDS, and 100 pg/ml of sonicated denatured salmon sperm DNA (Maniatis et al., 1982) . Hybridization was carried out at 65 o C for 18 h in fresh prehybridization solution containing nick-translated [32P]cDNA. A cDNA clone, pFG5 from the extreme 3' end of the genome, was kindly provided by Dr. P. Kapke, National Animal Disease Center, Ames, Iowa, USA. After incubation, filters were washed with 3 changes of 2 x SSC, 0.1% SDS at room temperature, followed by 2 changes of 1 x SSC, 0.1% SDS at 65 *C for 60 min. Dried filters were exposed to Kodak XAR-2 film at -70 o C with an intensifying screen for 1 to 4 days.
Nuclease SI analysis
Hybridization of [32P]UTP-labeled, single-stranded RNA probes (1 X lo5 cpm) was carried out with 3 ,ug of unlabeled poly(A) RNA (Maniatis et al., 1982) . The hyb~d~tion buffer was 40 mM PIPES (pH 6.4), 1 mM EDTA (pH 8.0), 0.4 M NaCi, and 80% formamide. Samples containing the labeled and unlabeled RNAs were heated at 85 'C for 10 min and hybridized overnight at 50" C. The annealed samples were digested for 30 min at 37" C with 500 U/ml of Sl nuclease (BRL, Gaithersburg, MD). The protected RNA fragments were resolved on 1.4% agarose gels after chemical and heat denaturation (Cheung, 1988) . Agarose gels were dried and exposed to Kodak XAR-2 film at -70 *C with an ~tensify~g screen.
Results
Northern blot analysis
Poly(A) RNA was extracted from TGEV-infected cells at 9 h post-infection. Since TGEV synthesizes a nested-set of mRNA transcripts, at 2.0 kb cDNA probe, pFG5, which is located at the extreme 3' end of the TGEV genome (Kapke and Brian, 1986) , was used to demonstrate TGEV specific mRNAs. Fig. 1 shows a Northern blot of intracellular RNAs extracted from cells infected with either unadapted or plaque-purified TGEV. Each virus produced at least 6 discrete mRNA bands with calculated sixes in kb of 8.2 (RNA 3), 4.0 (RNA 4a), 3.7 (RNA 4b), 3.1 (RNA 5), 2.8 (RNA 6), 2.0 (RNA 7). The RNAs are numbered according to Jacobs et al. (1986) . Although qualitatively identical, quantitative differences were apparent in RNAs 5 and 6 between the unadapted and the plaque-purified viruses. The genomic RNA (RNA 1) was not visualized by Northern blotting, perhaps, due to its large size and poor transfer to the nylon membrane. On the other hand, inadequate transfer could not account for the weak RNA 3 signal, the mRNA encoding the EZ-peplomer protein, because 9.5 kb and 7.5 kb RNA markers on the same gel transferred efficiently (data not shown). This indicated that mRNA 3 is synthesized to a lesser extent than the other smaller transcripts. Our Northern blot analysis identified 3 distinct transcripts between the EZpeplomer mRNA (RNA 3) and the El-matrix mRNA (RNA 6) of TGEV.
Cloning, sequencing and computer analysis of cDNA
To characterize these mRNA species further, the genetic region between the 2 virus surface structural genes El and E2 was sequenced. Genomic RNA was prepared from purified virus and was copied into cDNA after pruning with random oligodeoxynucleotide primers (Binns et al., 1985) . A cDNA library was prepared in the lambda expression vector Xgtll. One recombinant, RP3, containing a 3.2 kb insert that hybridized to intracellular RNAs 3 through 6 by Northern blot analysis was selected for sequencing. This insert was subcloned into the pBluescript vector in order to facilitate double-stranded plasmid DNA sequencing.
The nucleotide sequence of the genetic region extending from the 3' end of the E2-peplomer gene up to and including the 5' end of the El-matrix gene is illustrated in Fig. 2 . Three major ORFs, A, B, C, that most probably represent the 5' coding sequences of mRNAs 4a, 4b, and 5 are illustrated in Fig. 3 . ORFs A and B are non-overlapping whereas ORFs B and C overlap by 11 bases. Each of the ORFs is preceded by the octamer 5 'ECTAAAC 3'. This octameric sequence also precedes the genes for TGEV structural proteins E2, El, N, and it also precedes a hypothetical hydrophobic polypeptide located downstream from the N gene (Kapke and Brian, 1986) . These octameric sequences mark the 5' boundary for each mRNA body sequence and appear to function in the initiation of leader RNA-primed transcription. The number and location of these recognition sites between the El and E2 structural genes are consistent with the mRNA species observed in Northern blots (Fig. 1) . The proximity of the TGEV recognition sequences to the downstream AUG initiation codons is summarized in Table 1 . Each of the 7 octameric sequences is followed immediately downstream by either 3 pyrimidines or 3 purines. No other 5 'KCTAAAC occur in the coding sequences of the El and E2 structural genes for the Miller strain of TGEV (data not shown).
Nuclea.se SI mapping
In order to demonstrate that the homologous recognition sequences immediately upstream from ORFs A and B are functional, we used Sl nuclease analysis to locate the 5' end of the body sequences for subgenomic mRNAs 4a and 4b. A 32P-labeled RNA probe, complementary to the positive-stranded viral genome and subgenomic mRNAs, was transcribed from the T7 promoter of Bluescript plasmid pB180. Plasmid pB180 contains 2171 TGEV specific nucleotides that extend from 1096 bases into the E2-peplomer gene to the 3' end of ORF B (Fig. 2, nucleotide No. RNA fragments were resolved by agarose gel electrophoresis (Fig. 4a ). No RNA bands were detected from the control poly(A) RNA of uninfected ST cells. Four protected RNAs measuring 2250, 1400, 1040, and 700 nucleotides were observed with poly(A) RNA of TGEV-infected cells. The largest RNA fragment (2250 nucleotides) was protected from nuclease Sl digestion by annealing to the genomic RNA and subgenomic RNA 3. The 1400 nucleotide protected fragment was derived from an unidentified RNA species. In fact, using several different size input probes and nuclease Sl analysis, we have consistently observed this RNA species that extends only a few hundred nucleotides into the E2 gene. The protected RNA fragments of 1040 and 700 nucleotides were generated from subgenomic RNAs 4a and 4b, respectively, and therefore, the 5' boundary of these mRNA species map upstream of ORFs A and B (Fig. 4b) .
1129). This probe was hybridized to poly(A)-containing RNA from uninfected and TGEV-infected ST cells, and then digested with nuclease S1, and the protected
Properties of potential polypeptides
The deduced primary translation products for ORFs A, B and C are shown in Fig. 2 . The presumed primary translation product of ORF A at the 5' end of RNA 4a, contains 72 ammo acids with a predicted molecular weight of 7859. One Asn near the N-terminal end of this polypeptide could function as a possible N-glycosylation site (Asn-X-Ser or Asn-X-Thr, where X is not proline). This polypeptide has 31 hy~op~~c amino acids and is slightly acidic with a charge of -2 at pH 7.0. The largest ORF, B, potentially gives rise to a primary translation product of 244 amino acids derived from the translated 5' end of RNA 4b. The predicted molecular weight is 27744. This protein is strongly hydrophobic with 107 hydrophobic to 72 polar residues, and it has a net charge of -2 at pH 7.0. There are 3 Asn residues in the proper context for N-glycosylation and only one Cys residue. The C-terminal end of this protein is hydrophilic; however, none of the potential N-glycosylation sites are associated with this end.
The potential polypeptide of ORF C at the 5' translable end of mRNA 5 overlaps the C-terminal portion of the large ORF B protein by 11 base pairs. ORF C encodes a potential polypeptide of molecular weight 9287 (82 ammo acid residues). It is a basic protein (isoelectric point 8.33) that is strongly hydrophobic. There are 6 strongly basic residues and 4 strongly acidic residues yielding a net charge of + 2 at neutral pH, and it contains no potential N-glycosylation sites.
Discussion
We are sequencing the virulent Miller strain of TGEV in order to find differences from attenuated TGEV strains that might correlate with increased virus virulence. A 3.2 kb cDNA, pRP3, synthesized from genomic RNA was cloned and sequenced. This clone extends from 1096 bases upstream from the end of the E2-peplomer gene to 773 bases into the El-matrix gene. Stop code analysis in the genetic region between the El and E2 structural protein genes showed 3 ORFs with the potential coding information densely packed. Intergenic non-coding regions of 105 bases, 66 bases, and 13 bases respectively were present between the end of E2 and ORF A, ORFs A and B, and ORF C and the AUG translation initiation codon for the El-matrix protein. The end of ORF B and the beginning of ORF C overlapped by 11 bases. Upstream from each of these ORFs was the putative TGEV recognition sequence, 5's CTAAAC. This sequence marks the approximate location that a leader RNA-polymerase complex initiates the synthesis of the subgenomic mRNAs. This homologous sequence involved in discontinuous leader-primed transcription is also upstream from the genes for the 3 TGEV major structural proteins, and it occurs again upstream from a postulated hydrophobic polypeptide encoded near the 3' end of the genome (Kapke and Brian, 1986; Britton et al., 1988) . The seven TGEV recognition sequences, flanking sequences and their relationship to the first downstream AUG start codon are summarized in Table 1 . Nuclease Sl protection and northern blot analyses of poly(A)-containing RNA extracted from TGEV infected cells confirmed the existence of 3 mRNA species between the El and E2 structural genes.
The nucleotide sequence for the region of the TGEV genome between the El and E2 structural protein genes was presented for the avirulent Purdue 115 strain . Two nucleotide differences between the Miller and Purdue sequences at positions 426, and 440 (Figs. 2 and 5) alter the interpretation of these sequences and suggest the existence of the third mRNA species and a larger ORF than originally postulated. A single T to C base substitution at position 426 establishes an intergenic recognition sequence S'SCTAAAC marking the approximate 5' limit of the body sequence for mRNA 4b. Fourteen bases downstream from this homologous sequence another T to G base change generates an AUG translation initiation codon in frame with ORF B of 725 bases. ORF B encodes a protein of 244 amino acid residues (predicted molecular weight 27744) in contrast to the truncated X2b polypeptide of 165 amino acid residues predicted for the Purdue strain. Consistent with these findings, we have identified in Northern blots a mRNA species (RNA 4b) with a unique 5' region of the proper size to code for this polypeptide. In addition, in vitro translation of TGEV intracellular RNAs (Purdue strain) of this size have demonstrated a 25 kDa polypeptide (Jacobs et al., 1986) . These data suggest that for TGEV each subgenomic mRNA species is functionally monocistronic at their 5' translated ends and that internal initiation of protein synthesis does not occur. In addition, the Miller and Purdue strains differ in that 2 large deletions are present in the Miller strain between the end of the E2 gene and ORF B. One, a 16 base deletion occurring in the non-coding region between E2 and ORF A, shortens this intergenic region from 121 to 105 nucleotides. The second is a 29 base deletion altering the C-terminus of the ORF A polypeptide by shifting the reading frame. This deletion occurs after base position 359 of the Purdue sequence . The length of the ORF A polypeptide is increased by one amino acid residue, and then, the C-terminal 6 amino acid residues are different (Fig. 2) .
Amino acid sequence homologies were sought among the predicted translation products of TGEV ORFs A, B and C and the polypeptides of MHV and IBV. For all three coronaviruses the predicted translation product of the ORF immediately 5' of the El-matrix protein gene showed similarities in hydropathicity distributions and amino acid sequence homologies. Fig. 6 shows a Kyte-Doolittle plot of N-terminally aligned potential products of TGEV ORF C (82 amino acid residues), the second downstream ORF of MHV mRNA 5 (88 amino acid residues) and the third downstream ORF of IBV mRNA D (109 amino acid residues). The additional length at the C-terminal hydrophilic end of the IBV polypeptide varies in different IBV serotypes (Cavanagh and Davis, 1988) . Both the predicted MHV and IBV polypeptides have been detected in infected cell lysates (Skinner et al., 198.5; Smith et al., 1987) . The conserved hydrophobic patterns of these polypeptides and the potential translation product of TGEV ORF C suggest that each protein might perform analogous functions in the replication of coronaviruses. The amino acid sequence homologies were 23% between the predicted polypeptide of TGEV ORF C and the MHV polypeptide and 22% between the TGEV translation product and the polypeptide predicted for the IBV ORF.
In TGEV-infected cells the El-matrix protein occurs as a heterogeneous series of bands (27-33 kDa) due to differing degrees of glycosylation (Garwes and Pocock, 1975; Brian et al., 1984; Hu et al., 1984) . Sequencing studies predict a molecular weight of 27800 for the mature El protein . The postulated primary translation product encoded by ORF B, molecular weight 27744, is almost identical in size to El, perhaps, preventing the resolution of these proteins on gels. At this time we cannot rule out the possibility that the ORF B protein may contribute to the observed El size heterogeneity. Even after N-linked glycosylation is blocked in TGEV-infected cells with tunicamycin, 2 protein bands remain in the El region of the gel (Hu et al., 1984; Jacobs et al., 1986) . One of these protein bands is El but it is possible that the other could be the product of ORF B. In addition, some caution should be exercised in assigning monoclonal antibody specificity to the El protein simply on the basis of size because the El-matrix protein and the product encoded by ORF B could appear as similar proteins on SDS gels following immunoprecipitation.
